A clinical, radiological and statistical survey has been made of decompression sickness during the construction of the Dartford Tunnel. Over a period of two years, 1,200 men were employed on eight-hour shifts at pressures up to 28 pounds per square inch (p.s.i.). There were 689 cases of decompression sickness out of 122,000 compressions, an incidence of 0-56%.
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dry varies according to the type of strata through which the tunnel is passing, and also with the depth of the river which at this point is tidal. In this project compressed air at pressures up to 28 pounds per square inch (p.s.i.) has been necessary.
The use of compressed air results in exposing the men who build the tunnel to the risk of decompression sickness. The risk can be minimized by taking certain precautions which have been laid down by the Minister of Labour and National Service in the Work in Compressed Air Special Regulations, 1958. In spite of adherence to the prescribed precautions, however, a number of cases of decompression sickness still occur, and it is because of this that the present investigation has been carried out.
Arrangement of Workings
First two vertical shafts were sunk, one on each bank of the river, 2,832 ft. apart. From both of these, tunnelling was then begun towards the centre of the river.
A few months before these under-river tunnels from the two sides met, tunnelling under compressed air was started in a landward direction from the bottom of the Kent shafts, working towards the surface portal; about 200 ft. had been completed at the time of the junction.
All this work has had to be carried out in compressed air, which was first used on the Kent About six months before the tunnel across the river was completed, the pressure on the two sides was equalized.
Decompression Air Locks.-In order to get men and materials in and out of the tunnel whilst maintaining the pressure within, it was necessary to build air locks at both entrances to the workings. These air locks were situated at the bottom of the shafts in a short access tunnel; on each side of the river there was a man lock 12 ft. diameter by 33 ft. long (this was fitted with benches and could hold 50 men), and a material lock 7 ft. diameter by 28 ft. long. Heaters (two of 5 Kw. capacity) were fitted in the man lock to minimize discomfort when the temperature suddenly fell during the rapid phase of decompression. The locks were at all times controlled by a trained lock keeper, who was also responsible for keeping records of all persons entering and leaving the tunnel and ensuring that they received the correct decompression.
Medical Air Locks.-On each side of the river, situated at the medical centres, each within 100 yards of the top of the shafts, were two medical recompression chambers (each 7 ft. diameter and 14 ft. long). They were fully equipped with air lock entrances so that the doctor in charge and medical attendants could enter and leave during a recompression if it was necessary to examine or treat the patient, and so that food, books and other things could be passed in and out without interfering with the recompression.
Population at Risk and Working Shifts.-Over a period of two years (April, 1957 to April, 1959) 1,200 men have worked in compressed air on this contract, with between 250 and 320 on the active list at any one time. This has involved 122,000 compressions, of which 119,000 were at pressures over 16 p.s.i. Of the men, 1,060 were shift workers and 140 non-shift workers.
Throughout the duration of the compressed air work, a shift system has been in operation. Three shifts of approximately 25-30 men per shift are worked during the 24 hours, the men spending eight hours in the compressed air, followed by whatever period of time is necessary in the man lock to ensure proper decompression under the prevailing circumstances. In addition to the shift workers, there was a group of men (engineers, electricians, carpenters, fitters) entering and leaving the tunnel to perform tasks, the duration of which did not coincide with that of the regular shifts, who also had to be decompressed according to their exposure to compressed air.
Clinical Data
Definition.-It is first necessary to define what, for the purposes of this paper, should be regarded as decompression sickness. Many men suffer minor pains ("niggles") after decompression but these are too indefinite for quantitative study. Therefore only those cases with symptoms sufficiently severe to bring the man back for treatment have been counted as decompression sickness, and they were, in fact, always recompressed.
Classification of Cases.-There were 685 cases of decompression sickness. It was found that they could be divided into two types: Type 1, or simple "bends", which accounted for 650 of the total and Type 2, more serious and more complicated, of which there were 35. TYPE 1 CASES.-In these the complaint was one of pain, usually described as being in or around a joint. In 85% the lower limbs only were affected; in 7%, upper limbs only; in 8% both upper and DECOMPRESSION SICKNESS lower limbs. The pain varied in intensity from a "nagging ache" to a very severe pain. It started on the average about three hours after decompression, but the time of onset varied considerably, from immediately after decompression to 12 hours later. Ninety-two per cent of the cases had worked shifts of eight hours or longer; 3 % had worked for four hours only.
About half the cases responded quickly to recompression, but the remainder needed to be kept above working pressure for periods up to one hour before relief of pain was obtained. The most difficult case was that of a miner (Case 499) who had to be recompressed 10 times in all before he obtained complete relief of pains in the shoulders. On 12 occasions men suffering from the bends went back to work in the tunnel, without first reporting for medical recompression, and were not relieved of their symptoms; they had to be brought out from the tunnel and recompressed to a higher pressure in the medical lock in order to get relief.
Sometimes there was a history of bruising, sprain, or excessive use of the part of the body in which the bends pain arose. In 29 cases out of 502 (6 %), over a period of 19 months, the evidence was sufficiently definite to be entered on the case sheet. In one case (Case 288) a man bruised his head in the tunnel, causing a small haematoma. Ten hours after decompression he returned from his home to the medical centre (a journey of 25 miles) with acute pain in the haematoma; on recompression the pain went at 10 p.s.i. and did not return. Among fitters, who frequently work in cramped or kneeling positions, the bends incidence was approximately 50% higher than among other workers. After a mild electric shock, one man (Case 348) suffered bends in the affected arm and shoulder. Some workers attributed their attacks to such causes as tiredness, lack of sleep or change of occupation in the tunnel involving the excessive use of muscles not "in training". Age does not seem to be important: as an example, two men who gave the wrong age and were found to be over 50 worked two years as labourers without trouble. The No obvious predisposing cause was found; long exposure to pressure was not essential, for 11 cases had been exposed for five hours or less. In no case was the attack due to faulty decompression.
In general these cases reacted to therapeutic recompression more dramatically than did Type 1 cases; improvement usually began at comparatively low pressures, often considerably below working pressure (Table 1) . Both these engineers had been exposed repeatedly to compressed air for many years without previous trouble.
Case 9.-A chargehand fitter aged 41 had "staggers", and was apparently cured by treatment in the medical lock. One hour later, while still under observation, he collapsed unconscious, with a pulse rate of 40. Within five minutes of recompression he was conscious and well, with a pulse rate of 78, and no further trouble was experienced. With this man, also, an AP chest radiograph was normal.
Skin Mottling.-An interesting sign seen in some subjects after decompression is the occurrence of a purplish patchy discolouration of the skin, known as "mottling" (Fig. 2) Table 2 shows the pressures at which they occurred. Of the Type 1 series, one man had worked only four hours; three others had worked 10 hours or more. The Type 2 cases had all worked eight-hour shifts. Radiological Studies The construction of a tunnel under the Thames at Dartford presented an opportunity to carry out a radiological survey on men working in compressed air. This was made possible by the loan of radiographic apparatus from the Royal Air Force and facilitated by the cooperation of the contractors. The apparatus was installed in the medical centre, close to the shaft when the tunnel was about half-way to completion. The original intention was to radiograph the limbs of those men who had suffered an attack of bends, in order to determine the incidence of aseptic necrosis in bone, but this objective was later extended to include some workers who had escaped a frank attack of bends but had had minor symptoms described as niggles, or had suffered from mottling of the skin. Coincident with this survey, two examples of severe decompression sickness were encountered. A radiograph of the chest showed that both men had lung cysts. At this time no relationship had been established, either by other investigators or by ourselves, between disease of the lungs and these major attacks, but after these events a radiograph of the chest was taken of all men starting to work in compressed air.
Bone and Joint Lesions.-The literature contains many examples of bone and joint lesions attributed to decompression sickness. Nearly all these were patients who attended hospital because they complained of symptoms. The extent to which bone changes occur without symptoms has hardly been explored. The lesions in bones and joints consist of sclerotic changes in the medulla which often terminate as "lakes" in the bone, and a varying degree of destruction of articular surfaces, the predominant feature being sclerosis. The radiology of aseptic necrosis has been described many times and does not require review here.
Radiographs were taken of the shoulders, hip joints and knee joints, including a large part of the diaphysis, in each case. In the early part of the survey only experienced compressed-air workers were examined, men who had had one or more attacks of bends. There were 83 men in this group and none of them complained of symptoms. An analysis of these 13 cases showed that the medulla of the shaft of long bones was affected in 19 instances, of which five were designated as highly probable, but not certain, involvement. The joints were involved in eight instances; in one of these the diagnosis might have been questioned. The films which were regarded as doubtful are not included. Of the 83 men wbo had had an attack of the bends, 10 had demonstrable changes in the bones. Of the 20 men who had not had an attack of bends, three showed demonstrabte changes in bones.
Towards the end of the investigation it was decided to examine men who had never had an attack of bends, it being thought possible they might show radiological changes; it is already known that medullary infarcts, when the joint is unaffected, are symptomless. Unfortunately, as many workers had left, there was at this time only a small group of 20 men who had worked for varying periods in compressed air without an attack of bends. Of these men, three showed some evidence of early infarction (see Table 3 ). No comparable population exists from whom control radiographs could be obtained; but the lesions recorded are such as had never occurred in routine hospital radiological work.
It was expected that a routine antero-posterior film would give all the information that was required to establish a diagnosis. This expectation was based on the frank abnormalities which have been reported in the literature. It was soon realized that lateral films were necessary to confirm the diagnosis in many cases, since minor variations in texture were discovered which might have been disregarded without the lateral projection.
Two results emerged: (1) Labourers who have worked for years in compressed air, and are still working without symptoms, may show evidence of aseptic necrosis in bones and joints; (2) Aseptic necrosis may be found in the absence of a history of bends for which treatment has been sought.
Pulmonary disease.-In two men (Cases 23 and 268) lung cysts were found by radiological examination (Fig. 3) . In Case 23, there were two thin-walled cavities in the right lower zone of the lungs, measuring 15 in. in diameter, and not containing fluid. In Case 268, there was a single cyst, again in the right lower zone, 1-5 in. diameter; it contained a fluid level, indicating that it communicated with a bronchus and that the bronchus was partly occluded.
Although it must be supposed that these cysts were the cause of the sickness of the two men the evidence is only circumstantial. The mechanism by which they could do so is sufficiently clear. A partial occlusion of a bronchus could become complete at any time. Should this occur during decompression, the cyst must expand when the ambient pressure falls. This would lead, at least, to an abnormal gas exchange through the wall of the cyst, and possibly to rupture of the wall and discharge of gas into venous channels. A process of this sort would account for the peculiarities of Case 23, especially the fact that the rate of lowering of pressure during the recompression had to be far slower than is needed in conventional therapeutic decompression. This is intelligible if the problem were the elimination of free gas from a closed cystic space, rather than the elimination of dissolved gas from a tissue perfused by circulating blood. But the problem remains as to why, if the men have had the cysts for some time, they did not encounter trouble earlier; or, if the cysts were a result of damage to the lung, how such well defined cavities were produced, quite unlike the rents observed with lungs burst by raised intrapulmonary pressures.
These pressure effects in the lung are analogous 172 For detailed analysis, the weekly bends incidence for the Kent side workings over the first 68 weeks of the contract was used. The incidence, plotted in Fig. 4a , varied considerably, from nil to 2-64 %, with a modal value of 0-5-1-0%. It bore little direct relation to the pressure in the workings (Fig. 4b) . The average bends percentage for the whole of this particular period, in this part of the workings where the tunnelling was hardest, was 0-98%. This is a very creditable figure for the earlier part of a contract; but there are indications that it could be improved.
Variation in Susceptibility.-It was obvious that some men have more than their share of bends. The frequency with which men were attacked is shown in Table 5 . This shows the way in which a relatively small group of men are responsible for quite a large proportion of the bends. As an example, if the 12 men with five or more bends were to be eliminated then the total number of bends would fall to 310, and bring the average percentage over this 68-week period from 0-98% to 0 77%; if 43 men (about 4 % of the working force) with three or more bends were eliminated, the bends incidence would be halved. A further point is that 20% of the total population of workmen had one or more attacks of the bends. Thus it is possible to judge the success of present procedures from contrasting points of view. For Another sign that the usual assumptions are inadequate appeared when the incidence on the Essex side was compared with that on the Kent side for a similar period; on the Kent side, the incidence was about four times greater, about 1 0%. It is true that the pressure was much higher on the Kent side; but if the decompression tables were properly constructed, the protection should be equal at all working pressures.
(2) In calculating the present decompression routine, it has been assumed that four hours at some pressure is sufficient to ensure full saturation of the relevant body tissues to that pressure. In the decompression tables this assumption gives rise to decompression times which increase as duration of work increases until a four-hour exposure is reached. All periods of work longer than four hours have, at present, the same decompression time. If this was a correct procedure, the risk of periods of work, four hours or less in duration, should be of the same order as periods of work greater than four hours duration. Table 6 shows an analysis of the experience over the 68-week period on the Kent side; it is quite clear (p<0 001) that the risk is far greater with the longer exposure.
This table also brings out two other important points. The group of men exposed for four hours or more constitute the shift working population; it can be seen that they carry the greatest part of the bends risk. Further, there is a distinct tendency for the back shift to be the most hazardous (X2 = 37, d.f. = 2, p<0 001). This tendency persists even if the shift workers alone are considered (x2= 16, d.f. = 2, p<0 001).
Acclimatization.-The existence of a marked decline in bends incidence with the number of shifts worked was established in an earlier report (Paton and Walder, 1954) . The present undertaking gave an opportunity to confirm and extend these findings. The ordinary shift workers proved to be an unsuitable group for this investigation; the reason was that the presence of alternative compressed air work in the district made it difficult to be certain that the new starters at Dartford were new starters at compressed air work. The employment of 22 steel erectors, who had never entered compressed air until they commenced work at Dartford, provided, however, a remarkable opportunity for examining this question. These men were all quite fit, and they were well used to the type of job which they performed in the tunnel. They were followed for a period of time of over one month, during which the pressure was relatively constant. The number of attacks of bends versus the number of shifts is shown in the histogram (Fig. 5 ). There is a large decline in the bends incidence with the passage of time; the data are well fitted (r = 0 97) by the regression line loglo (number of bends) = 1-16 -0-42 (number of compressions) giving a half time of 7±4 compressions (p = 0 05).
It was also found that working at low pressures for a few days does not appear to confer any measurable benefit on men subsequently introduced to higher pressures. This can be seen from Fig. 6 where a progressive rise of pressure caused an increase in the number of bends; but once the steady maximum level had been reached there was quite a marked fall in bends incidence very similar to that in Fig. 5 , where no one had had previous experience of air work.
The confirmation of the existence of acclimatization to air work led naturally to the question of how long the acclimatization persisted when air work ceased. To answer this question the complete histories of a large number of men were scanned to see when an attack of bends occurred on returning to work after a period of absence. The week-ends gave a large number of two-day lapses in regular I-J them at lower pressures has already been shown to fail (Fig. 6) working, and holidays and strikes gave a large number of lapses of 10 days or over. Unfortunately, few figures accumulated for intermediate periods of time. Fig. 7 shows that whenever a man was away for a period exceeding 10 days then his chance of obtaining a bend on returning to work was very much greater than if he had been away for only two days. The two-day figure is represented by 14 bends and the over-10-day figure by 24 bends, the difference between them is highly significant. The intermediate points, whilst not contradicting the general trend do not permit any further quantitative statements to be made.
The existence of processes of acclimatization and "de-acclimatization" can now be seen to account for a great deal of the apparent randomness in the attacks of bends. The magnitude of the contribution of acclimatization and de-acclimatization may be judged by assuming that some procedure had been evolved to introduce new starters safely to compressed air work and to ensure that no bend occurred in the first three shifts after a period away from work of 10 days or more. In this eventuality the total number of bends over the 68-weeks period would drop to 170 and the overall percentage from 0-98% to 0'42%. The possibility of safely introducing men to higher pressures by first working Climatic Conditions.-During the construction of the Tyne Tunnel, Paton and Walder (1954) failed to find any connexion between the external climatic conditions prevailing and the bends rate. It was thought that the internal environment of the Dartford Tunnel should be investigated.
The most striking finding is the constancy of the internal environment of the tunnel. This appears to be quite independent of the external climatic conditions.
Observations were made from September, 1957 to August, 1958 a period including group.bmj.com on October 27, 2017 -Published by http://oem.bmj.com/ Downloaded from great changes in the outside weather conditions. Yet the air temperature ranged only from 55 to 69°F. and the relative humidity between 97% and 99%. Considerable difficulty was experienced in measuring the wind velocity in the tunnel, because Katathermometer readings are inaccurate when made in compressed air, but the movement of titanium tetrachloride clouds and soap bubbles in the tunnel suggested that the wind velocity was of the order of 5 ft./min. At first sight it is surprising that men can do hard and prolonged physical work in an environment which is 97 % saturated but calculation of the "corrected effective temperature" shows this to be well within the accepted limits of comfort. No relationship could be demonstrated between the internal environment of the tunnel and the bends rate.
Methods of Treatment All cases were treated by recompression; the methods used were modified during the course of the contract, and were adapted to the nature of the case.
Type 1 Cases.-The majority of cases were compressed to 2-3 lb. above the working pressure and, after being free of symptoms for 10 minutes were decompressed in the usual way, as though for an exposure of more than four hours. If the patient was not free of symptoms after one hour at 3 lb. above working pressure, a higher pressure was used. On two occasions it was necessary to use 10 lb. above working pressure. The pressure at which fast decompression ceased and the slow phase commenced was, in every case, based on the highest pressure to which the man had been exposed in the previous 24 hours-either in the working chamber or medical lock. With this decompression time, however, a third of the cases required one or more further recompressions. For all cases after the first 50, the slow phase of the decompression was therefore lengthened from 9 min./lb. to 15 min./lb.; even so one in 10 required further recompression.
In 56 cases the pressure was raised, not as just described, to a few pounds above working pressure, but only to the pressure required to make the patient symptom-free; after 10 minutes at this pressure, routine decompression was carried out. The average 'minimum effective pressure" required was 8 lb. below working pressure. The results were very satisfactory, only one case requiring a second recompression. The use of the minimum effective pressure was also fo.und satisfactory when recompressing a second time; in these cases the man was kept at the requisite pressure for half an hour before decompressing.
About (Norrie, 1934; Boulton, 1942; Levy, 1922; Keays, 1909; Kooperstein and Schuman, 1957 disability and an overall incidence of 0-55% (over 18 p.s.i. 0-93 %). The presence of a full-time doctor on the site (an unusual feature in such contracts) has ensured that all serious cases were properly treated. It may also have inspired a willingness by the men to return for treatment even in mild cases of bends, thus raising the recorded bends incidence.
Despite this satisfactory record, the occurrence of 650 cases of bends underlines the extent of the failure to abolish the disease. In planning a further attack on the problem of reducing the incidence of bends the first requirement is as full an account as possible of the natural history of the condition. For this reason alone, the confirmation that a process of acclimatization exists, and the further discovery that acclimatization is lost in a week or two if work under pressure ceases, is valuable; for without this knowledge it would be nearly impossible to reach a correct interpretation of the success or otherwise of particular decompression procedures. The cause of acclimatization and its loss remains obscure; it might be that the nuclei available for bubbleformation become used up (Harvey, 1951) ; or that the nerve endings responding to the painful stimulus produced in "bends" become adapted. The suggestion advanced by Paton and Walder (1954) , that it followed an acclimatization to muscular exercise in general cannot be held, now that we know that work at a lower pressure does not acclimatize to work at a higher pressure. If acclimatization could be deliberately induced, without harm, and retained, this alone could lower the bends rate by a large factor; but no means of doing this can yet be indicated.
An obvious possibility for lessening the incidence of the disease is the elimination of susceptible subjects. Unfortunately at present there exists no means of identifying such men, save by seeing whether they get bends. Once employed, they are often willing to continue employment, with its high rates of pay, despite continuing occasional attacks. Our observations on lung pathology suggest that further investigations should be made into the possible relationship between the susceptibility to decompression sickness and lung lesions of a kind hitherto disregarded. This is being attempted.
A further scope for improvement is by modification of the decompression procedures. This has the troublesome feature that any improvement so far envisaged will lengthen the time the men are on the site, without increasing their useful working time. It is quite clear that two assumptions of current decompression theory, viz., that work in compressed air below 18 p.s.i. is absolutely safe, and that a man is fully saturated with nitrogen at four hours, are wrong. The question in this context simply becomes that of balancing an acceptable incidence of bends against a tolerable decompression time. There is lacking, however, any knowledge of what the incidence would be for an assumed safe pressure of 15 p.s.i., and full saturation time of eight hours; to know this would greatly assist the balancing of the issues. A further complication arises where bends follows some sort of injury; it may be that the site of an injury would give rise to pain on decompression at much lower pressures than normal.
Even if minor bends cannot be eliminated in the immediate future, the prospect seems more hopeful as regards the more important serious cases. The two cases we have described, who proved to have cysts in the lungs, exhibited a sequence of events which has occurred in serious cases elsewhere. Further, the character of these attacks and their
